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Abstract 

Three studies are described characterizing 
the possible contributions of surface science to 
tribology. These include surface contamination 
formed by the interaction of a surface with the 
environment, contaminants obtained with diffu- 
sion of compounds, and surface chemical changes 
resulting from selective thermal evaporation. 
Surface analytical tools such as Auger electron 
spectroscopy (AES) and x-ray photoelectron spec- 
troscopy (XPS) incorporated directly into adhe- 
sion and friction systems are primarily used to 
define the nature of tribological surfaces 
before and after tribological experimentation 
and to characterize the mechanism of solid-to- 
solid interaction. Emphasis is on fundamental 
studies involving the role of surfaces in con- 
trolling the adhesion and friction properties of 
materials emerging as a result of the surface 
analyses. The materials which have been studied 
include metals and ceramics such as elemental 
metals, amorphous alloys (metallic glasses), and 
silicon-based ceramics. 

INTRODUCTION 

Surface analysis and surface science are 
evolutionary disciplines. A number of surface 
analysis techniques are now available for study- 
ing solid surfaces at the atomic and electronic 
levels. These techniques include a variety of 
electronic, photonic, and ionic spectroscopies. 
Their number is still growing, and one of the 
most exciting recent developments is that of the 
scanning tunnel 1 ing microscopy . These tech- 
niques provide different pieces of information, 
and, in due course, it should be possible to 
coordinate them and provide a coherent self- 
consistent description of the surface (1 to 3). 

The development of surface analytical meth- 
ods has allowed considerable progress in under- 
standing the effects, phenomena, and reactions 
in tribology in recent years (1 and 2). The 
techniques used most are AES and XPS (ESCA). 

Each of these has the ability to determine the 
composition of the outermost atomic layers of a 
clean surface or surfaces covered with adsorbed 
films of gases, lubricants, and frictionally 
transferred films and provide a description of 
the surface (4 to 25) . 

AES and XPS are generally described as "sur- 
face analysis” techniques, but this term can be 


misleading. Although these techniques derive 
their usefulness from their intrinsic surface 
sensitivity, they can also be used to determine 
the composition of much deeper layers. Such a 
determination is normally achieved by the con- 
trolled erosion of the surface by ion bombard- 
ment. AES or XPS analyze the residual surface 
left after a certain sputtering time. In this 
way, composition-depth profiles can be obtained 
which provide a powerful means of analysis for 
thin films, surface coatings, and their inter- 
faces. Clearly, this capability also makes AES 
and XPS ideal for studying wear resistant coat- 
ings and solid lubricant films (26 to 28). There 
are, however, a number of practical differences 
(e.g., detection speed, background and spatial 
resolution) which generally are more advanta- 
geous in Auger profiling. 

This paper discusses the ways in which AES 
and XPS can be usefully applied to fundamental 
tribology, particularly adhesion and friction. 

The emphasis is to relate adhesion and friction 
to reactions at the interface and to the compo- 
sition of the interface. The subjects to be 
addressed include (1) surface contamination by 
the interaction of a surface with the environ- 
ment, (2) contamination by diffusion, and 
(3) chemical changes with selective thermal 
evaporation. Three examples obtained from adhe- 
sion and friction experiments will be presented. 
The surface analytical tools are incorporated 
directly into the adhesion and friction systems 
for in situ analysis. The materials to be exam- 
ined include metals, alloys, and silicon-based 
ceramics . 

Surface studies, such as these, can pro- 
vide us with a basic understanding of some of 
the important processes involved in adhesion, 
friction, lubrication, and wear. In the long 
run, they may provide us with information that 
will allow us to select the materials and sur- 
face treatments best suited for a particular 
application (3). 

EXPERIMENTAL 

Figure 1 shows a typical apparatus chamber 
for conducting a surface chemical analysis. The 
particular system depicted in Figure 1 is used 
for adhesion and friction studies when two sur- 
faces are in sol id- to-sol id contact. Details 
of the mechanisms for measuring adhesion and 
friction are described elsewhere (29 and 30). 
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APPARATUS 


ELECTRON ENERGY ANALYZER 
(FOR ESCA) 


QUADRUPOLE GAS ANALYZER 
WITH ELECTRON MULTIPLIER 


FIG. 1. - APPARATUS FOR MEASURING ADHESION AND FRICTION IN ULTRAHIGH VACUUM. 


Briefly, the apparatus used in this investiga- 
tion consisted of an ultrahigh vacuum system 
capable of measuring adhesion and friction at 
various temperatures; the vacuum system con- 
tained an electron spectrometer for AES and XPS 
(e.g., Fig. 1). The mechanism for measuring 
adhesion and friction was basically a pin-on- 
flat configuration, as shown schematically in 
Figure 1. 

For pulloff force (adhesion) measurements 
in vacuum, the flat specimen was brought into 
contact with the pin specimen. Contact was main- 
tained for 30 sec before the pin and flat speci- 
men surfaces were pulled apart. The adhesion 
measuring device used was a torsion balance 
adapted from the principle of the Cavendish 
balance used to measure gravitational forces. 
Forces as low as 1 pN can be measured. 

For single-pass sliding friction measure- 
ments, the flat specimen was brought into 
contact with the pin specimen. Contact was 
maintained for 30 sec before sliding was initi- 
ated at a sliding velocity of 3 mm/min. Strain 
gauges mounted on a manipulator-mounted beam 
were used to measure loads and forces. 


RESULTS 

Adhesion and Friction of Clean and Contaminated 
Surfaces 

Carbon is ubiquitous: even a supposedly 

'’clean'' specimen surface will show a significant 
carbon contribution to the AES and XPS spectrum 
because of the presence of one or more layers of 
adsorbed hydrocarbons and oxides of carbon. Con 
tamination is often an important factor in deter 
mining the adhesion and friction properties of 
surfaces. Contaminant films may form either by 
the interaction of a surface with the environ- 
ment or by the diffusion of bulk contaminants 
through the solid itself. 

Surface Contamination by the Environment 

A contamination layer will attenuate the 
electron signal from the underlying surface, 
and important features in the spectrum may be 
masked in this way. XPS survey spectra of the 
as-received silicon nitride surface reveal an 
adsorbed carbon peak as well as an oxygen peak, 
as shown by curve (a) in Figure 2. A layer of 
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FIG. 2. - X-RAY PHOTOELECTRON SPECTROSCOPY (XPS) SPECTRA OF 

SILICON NITRIDE OBTAINED BEFORE AND AFTER ION SPUTTERING. 

adsorbate on the surface consisted of hydrocar- 
bons and water vapor from the environment that 
may have condensed and become physically adsorbed 
to the silicon nitride surface. The contamina- 
tion layer may be removed by ion etching just 
prior to or during analysis; but, since the ion 
beam itself can induce compositional changes in 
the specimen surface, it must be used with 
care. After the silicon nitride surface was 
cleaned by argon ion sputtering, the carbon and 
oxygen contamination peaks became very small 
(curve (b) in Fig. 2); the peak intensity of 
both the silicon and nitrogen associated with 
silicon nitride increased markedly. The small 
amount of carbon and oxygen is associated with 
bulk contaminants of the silicon nitride. 

Removing contaminant films from the sur- 
faces of ceramics and metals results in a very 
strong interfacial adhesion when two such solids 
are brought into contact. If an atomically 
clean silicon carbide surface is brought into 
contact with a clean aluminum surface, the adhe- 
sive bonds formed at the silicon carbide - alumi- 
num interface are sufficiently strong so that 
the cohesive bonds in the aluminum are fractured 
and, as a result, the aluminum transferred to 
the silicon carbide surface (31). 

Typical pulloff force (adhesion) results 
from hot-pressed polycrystalline silicon nitride 
in contact with metals are presented in Figure 3. 
The marked difference in adhesion for the two 
surface conditions, the contaminated (as-received) 
surfaces and sputter-cleaned surfaces, is shown 
in Figure 3. Contaminant films on the as- 
received surfaces reduces the adhesion. 

The results in ultrahigh vacuum are to be 
anticipated from chemical interactions and the 
important role they play in the adhesion of sili- 
con nitride - metal couples. With the contami- 
nated surfaces, however, the chemical activity 


FIG. 3. - PULLOFF FORCE (ADHESION) AS FUNCTION OF PERCENT- 
AGE OF d-BOND CHARACTER OF TRANSITION METALS IN CONTACT 
WITH MONOLITHIC SILICON NITRIDE IN VACUUM. (*L. PAULING. 
"A RESONATING-VALENCE-BOND-THEORY OF METALS AND INTER- 
METALLIC "COMPOUNDS", PROC. R. SOC. LONDON. SER. A..196, 
pp. 343-362 (1949).) 

or inactivity of a metal does not appear to play 
a role in adhesion (Fig. 3). The adhesion for 
various metals in contact with silicon nitride 
generally remains constant. A prerequisite for 
this sameness in adhesion is that the surfaces 
are covered with a stable layer of contaminants. 
Thus, contaminant films on the surface of ceram- 
ics and metals can greatly reduce adhesion. 

In contrast, adhesion is higher for sputter- 
cleaned surfaces than it is for the as-received 
surfaces, and adhesion properties are related to 
the relative chemical activity (percentage d-bond 
character) of the transition metals as a group. 
According to Pauling's theory, the greater the 
percentage of d-bond character, the less active 
the metal is and the lower the pulloff force is 
that is required to break the bonds (Fig. 3). 

Thus, adhesion results (Fig. 3) show that the 
more active the metal, the higher the adhesion. 

This is consistent with the earlier friction 
studies conducted with the surfaces of other 
nonmetals . 

As a result of sliding friction experiments 
conducted with various transition metals in con- 
tact with nonmetal lie hard materials such as 
diamond, silicon carbide, ferrites, and boron 
nitride coating, it was found that the coeffi- 
cient of friction is related to the relative 
chemical activity (d valence bond character) 
of those metals in ultrahigh vacuum. The more 
active the metal, the higher the coefficient of 
friction. Therefore, the coefficient of fric- 
tion for metals is related to adhesion. The 
higher the adhesion, the greater the coefficient 
of friction. 
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Surface Contamination by Diffusion 

There is another aspect of surface contami- 
nant films which may form by diffusion of bulk 
contaminants through the solid itself. An 
example of this type of surface contamination 
and usefulness of XPS for analysis of surface 
chemical composition will be demonstrated with 
the data on three ferrous-based amorphous alloys 
(metal lie glasses) . 

Single-pass sliding friction experiments 
were conducted with sputter-cleaned aluminum 
oxide (sapphire) in contact with sput ter-c learned 
amorphous alloys in vacuum at temperatures up to 
750 °C. The coefficients of friction as a func- 
tion of temperature of the amorphous alloy speci- 
men are indicated in Figure 4. 



FIG. 4. - COEFFICIENT OF FRICTION AS FUNCTION OF 
TEMPERATURE FOR ALUMINUM OXIDE PINS SLIDING ON 
FERROUS-BASED AMORPHOUS ALLOYS (METALLIC GLASSES). 


As the temperature increases from room tem- 
perature to 350 °C, the friction increases (see 
Fig. 4). The increase in friction is associated 
with changes in the thermal, chemical, and micro- 
structural states (32). These alloys then com- 
pletely transform from the amorphous to the 
crystalline state between 410 and 480 °C (32). 

At 500 °C (in Fig. 4) the friction under- 
goes a marked decrease from that measured at 
350 °C. Why does this appreciable decrease 
occur? Surface analysis with XPS supplies the 
answer . 

Figure 5 presents the XPS spectra for one 
of the ferrous-based amorphous alloys of Fig- 
ure 4 in the as-received condition, after sput- 
ter cleaning, when heated to 350 and 750 °C. 

The XPS spectra of Fe 2 p. Co 2 p, B ls , and S i 2p 
peaks as function of binding energy are 
presented. 


All the XPS spectra taken from the surfaces 
of the three amorphous alloys as-received clearly 
reveal adsorbed carbon and oxygen contaminants 
in addition to the various alloying constituents 
of the nominal bulk composition. Beneath this 
layer of adsorbate is a mixture layer of oxides 
of the alloying constituents (see Fig. 5). 

Sputter cleaning removes the oxides and 
other contaminants from the alloy surface. The 
argon-sputter-cleaned surface consisted of the 
alloy and small amounts of oxides and carbides 
(32). 

In addition to nominal element constitu- 
ents, the surface that is argon sputter cleaned 
and then heated to 350 °C contains boric and sil- 
icon oxides on 67Fe-18Co-14B-lSi (Fig. 5) and 
8lFe-13 . 5B-3 . 5Si-2C alloys and boric oxides on 
40Fe-38\i-4Mo-18B alloys as well as small amounts 
of carbides that migrated from the bulk of the 
alloys by heating. 

The surface that is argon sputter cleaned 
and then heated to 500 and 750 °C contains boron 
nitride that migrated from the bulk of the alloys 
as well as small amounts of oxides. The cause 
for the marked reduction in friction at 500 and 
750 °C in Figure 4 is related to the presence of 
boron nitride on the surface of the alloy, as 
typically indicated at 750 °C in Figure 5(c). 
Boron nitride is also present at 500 °C. Boron 
nitride is a solid lubricant and brings about 
the friction reduction observed in Figure 4. 

Thus, examinations of the surface chemistry in 
the heating stage give valuable information on 
the behavior of surface contamination caused by 
diffusion. The diffusion of contaminants such 
as boron nitride or oxides are responsible for 
the friction behavior. 


Chemical Changes with Selective Thermal 
Evaporat ion 

In general, AES provides elemental informa- 
tion (i.e., an elemental analysis) only. The 
Auger peaks of many elements, however, show sig- 
nificant changes in position or shape in differ- 
ent chemical environments (1). For example, it 
is possible to distinguish among amorphous car- 
bon, carbide-type carbon, and graphitic carbon 
in AES (Fig. 6). On the other hand, the main 
advantage of XPS is its ability to provide chemi- 
cal information from the shifts in binding 
energy, as also shown in Figure 7. Thus, Fig- 
ures 6 and 7 present a comparison of the AES and 
XPS carbon peaks for carbon in various forms 
present on the single-crystal silicon carbide. 

The AES and XPS spectra of the single-crystal 
silicon carbide were obtained from the as- 
received surface and the surface heated to 800 
and 1500 °C. 
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(a) Fe 2p . <b> c ° 2p - 



FIG. 5. - REPRESENTATIVE Fe 2p * Co 2p , B 1$ , AND Si 2p XPS PEAKS ON 67Fe-18Co-1MB-1Si . 
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(C) GRAPHITE. TEMPERATURE, 1500 °C. 

FIG. 6 . - AUGER PEAKS OF CARBON ON 
SILICON CARBIDE (0001) SURFACE. 


Figure 6 shows the typical AES amorphous 
carbon-type, carbide-type , and graphite-type car- 
bon peaks. When an as-received silicon carbide 
is placed in a vacuum, one of the principal con- 
taminants on the as-received silicon carbide 
surface is adsorbed carbon. The AES peak for 
carbon appears only as the single main carbon 
peak labeled Aq in Figure 6(a), where A is 
used to denote an AES peak. The AES peak is sim- 
ilar to that obtained for amorphous carbon but 
not carbide (31). The AES peaks for carbon on 
the surface heated to 800 °C indicate a carbide- 
type carbon peak, similar to that obtained for 
an argon-sputter-cleaned surface. The carbide- 
type peaks are characterized by the three peaks 
labeled Aq, A*, and A 2 in Figure 6(b). The 
spectra of the surface heated above 800 °C 
clearly reveal a graphite-type carbon peak at 
271 eV, as typically indicated at 1500 °C (see 
Fig. 6(c)). The graphite form is characterized 
by a step (labeled A in Fig. 6(c)). 
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-CARBIDE 
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1 — n 

(a) ROOM TEMPERATURE. 



GRAPHITE 
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TT l 
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(b) TEMPERATURE, 800 °C. 



BINDING ENERGY, eV 


(C) TEMPERATURE, 1500 °C. 

FIG. 7. - XPS PEAKS OF CARBON ON 
SILICON CARBIDE (0001) SURFACE. 

In XPS spectra photoelectron lines for Ci s 
of the silicon carbide are split asymmetrical ly 
into doublet peaks, as shown in Figure 7. Three 
spectral features, which are dependent on the 
chemical nature of the specimen, are observed: 

(1) two kinds of doublet peaks. (2) change of 
the vertical height of the peaks, and (3) shift 
of peaks. The .XPS spectra of the as-received 
surface indicate distinguishable kinds of car- 
bon - that is, a carbon contamination peak and a 
carbide peak associated with the silicon car- 
bide. The peak height of the carbon contamina- 
tion is higher than that of the carbide. For 
specimen heated to 800 °C, a large carbide and a 
small graphite peak are seen in the spectra. 

The spectra of the surface heated above 800 °C 
indicate a very large graphite peak and a small 
carbide peak, as typically seen at 1500 °C 
(Fig. 7(c)). Thus, the physical conclusion from 
the AES and XPS surface analyses is that tempera- 
ture affects the surface chemistry significantly 
and the surface of silicon carbide graphitizes. 

It is interesting to note that the AES 
analysis of silicon carbide heated to 1500 °C 
indicated that the carbon peak shown was only of 
the graphite form (Fig. 6(c)). The XPS analysis, 
however, indicated carbide as well as graphite 
was present on the silicon carbide surface heated 
to 1500 °C (Fig. 7(c)). This difference can be 
accounted for by the fact that the analysis depth 
with XPS is deeper. Table I presents the esti- 
mated thickness of the graphite layer formed on 
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O AVERAGE PULLOFF FORCES 


TABLE I . - VALUES FOR THE THICKNESS OF THE 
GRAPHITE LAYER ON THE SILICON CARBIDE 
SURFACE PREHEATED TO 1500 °C 


Element and 

Electron inelastic 

Thickness 

photoelectron , 

mean free path, 

of layer, 

Mg ka 

X, 

d, 


nm 

nm 

S*2p 

a 4.7 

a - b 3.9 

2.0 

1.7 

Cis 

b 4 .4 

1.8 

Graphi te Ci s 

a 2 . 1 

1.5 


a 3 . 1 

2.3 


a 3 .4 

2.4 


a Evans, S., Pritchard, R.G., and Thomas, J.M., 
"Escape Depths of X-ray (Mg-K-Alpha)-induced 
Photoelectrons and Relative Photoionization 
Cross-Sections for the 3p Subshell of the 
Elements of the First Long Period," J . Phys . 
C., 12, 13, pp. 2483-2498 (July 1977). 
bCadman, P., Evans, S., Scott, J.D., and 
Thomas, J.M., "Determination of Relative 
Electron Inelastic Mean Free Paths (Escape 
Depths) and Photoionization Cross-Sections by 
X-ray Photoelectron Spectroscopy," J . Chem . 

Soc . , Faraday Trans . II , Z 1. 10, pp. 1777-1784 
(1975) . 

the silicon carbide surface (33). The thickness 
of the outermost surficial graphite layer on the 
silicon carbide heated to 1500 °C is 1.5 to 
2.4 nm. This result suggests that the collapse 
of the carbon of two or three successive silicon 
carbide surficial layers after evaporation of the 
silicon is the most probable mechanism for the 
graphi t izat ion of the silicon carbide surface. 

.In increase in the surface temperature of a 
ceramic material or metal tends to promote sur- 
face chemical reactions and to volatilize some 
element. These chemical reactions cause prod- 
ucts such as graphite to appear on the surface 
and, thus, can alter adhesion and friction. 

Figures 8 and 9 present the average pulloff 
forces (adhesion) and the coefficient of fric- 
tion for the as-received silicon carbide (0001) 
surfaces in contact with a sputter-cleaned poly- 
crystalline silicon carbide pin as a function of 
temperature in a vacuum. The adhesion character- 
istics are the same as those for friction. The 
adhesion and friction generally remain low at 
temperatures to 300 °C. The low adhesion and 
friction can be associated with the presence of 
the carbon contaminants on the as-received flat 
specimen surface. 

Adhesion and friction increase rapidly 
between 300 and 400 °C. Although adhesion and 
friction decrease slightly at 600 °C, they 
remain relatively high between 400 and 700 °C. 

The rapid increase in adhesion and friction 
between 300 and 400 °C can be attributed to the 
absence of adsorbed contaminants such as carbon. 



FIG. 8. - PULLOFF FORCE (ADHESION) AS FUNCTION OF TEMPERA- 
TURE FOR SILICON CARBIDE (0001) FLAT SURFACES IN CONTACT 
WITH SINTERED POLYCRYSTALLINE SILICON CARBIDE PINS IN 
VACUUM. 


The somewhat low values of adhesion and 
friction at 600 °C are probably due to the 
a-S iCh to (3-Si0? transition of a small amount of 
silicon dioxide at about 583 °C and changes in 
the amount of silicon dioxide on the single- 
crystal silicon carbide surface and on the sin- 
tered polycrystal 1 ine silicon carbide surface 
(34 and 35). Figure 10 presents the KPS peak 
heights of S i 2p and Ois- These peaks are associ- 
ated with silicon dioxide on a single-crystal 
silicon carbide surface and on a sintered poly- 
crystalline silicon carbide surface as a func- 
tion of a heating temperature. The peak heights 
of S i 2p and 0j S ( S i 2p and 0| S associated with 
silicon dioxide) remained high at temperatures 
to 600 °C. The amount of silicon dioxide on the 
silicon carbide surfaces increased slightly 
around 600 °C. The somewhat low values of adhe- 
sion and friction at 600 °C are related to the 
slight increase in the amount of silicon dioxide. 

Above 600 °C the peak heights of S i 2p and 
□is (S* 2 p and 0i s associated with silicon 
dioxide) obtained from the silicon carbide sur- 
faces decrease rapidly with increasing tempera- 
ture (Fig. 10). This rapid decrease in the 
amount of silicon dioxide correlates with the 
increase in adhesion and friction. 

Above 800 °C, the adhesion and friction 
decrease rapidly with an increase in temperature. 
This rapid decrease in adhesion and friction 
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SINTERED POLY- 
/ CRYSTALLINE SiC PIN 





SiC (0001) FLAT 



(a) STATIC FRICTION. (b) DYNAMIC FRICTION. 

FIG. 9. - COEFFICIENTS OF STATIC AND DYNAMIC FRICTION AS FUNCTIONS OF TEMPERATURE FOR SILICON 
CARBIDE (0001) FLAT SURFACES IN CONTACT WITH SINTERED POLYCRYSTALLINE SILICON CARBIDE PINS 
IN VACUUM. 


above 800 °C correlates with the graphi t izat ion 
of the silicon carbide surface. Thus, the use 
of AES and XPS to study the silicon carbide sur- 
face reveals that the reduction of adhesion and 
friction at 800 °C in Figures 8 and 9 is the 
result of the graphi t ization of the silicon car- 
bide surface which occurs with heating. The AES 
and XPS analyses complimented each other in this 
determination. These experimental results reveal 
the value of surface analytical tools in the 
characterization of tribological surfaces. 

CONCLUDING REMARKS 

Three simple examples are given from the in 
situ adhesion and friction experiments in which 
XPS and AES surface analyses have contributed 
significantly to the elucidation of phenomena, 
reactions, and processes in tribology. 

1. Surface contaminant films formed by the 
interaction of a surface with the environment 
affect the adhesion and friction behavior of 
surfaces. A:T adsorbed carbon contaminant on a 
silicon nitride surface can greatly reduce the 
adhesion and, accordingly, friction. When clean 


ceramics are in contact with clean metals, chemi- 
cal activity or inactivity is extremely important 
to adhesion and friction behavior. With the 
transition metals the d valence bond character 
correlates directly with the adhesion and the 
coefficient of friction for ceramics. The higher 
the percent d-bond character, the lower the adhe- 
sion and friction. 

2. Contaminants can diffuse from the bulk 
of ferrous-based amorphous alloys (metallic 
glasses) to the surface upon heating. Compounds 
such as boric oxide and/or silicon oxide form on 
the surface at 350 °C; above 500 °C. boron 
nitride forms on the surface. The formation and 
segregation of these contaminants are responsible 
for the adhesion and friction behavior. 

3. Heating silicon carbide to a high temper- 
ature can result in selective thermal evapora- 
tion. Silicon volatilizes and leaves behind a 
graphitic surface with the graphitic film func- 
tioning to reduce adhesion and friction. 
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XPS PEAK HEIGHT/ ARBITRARY UNIT 




(b) ON POLYCRYSTALLINE SiC SURFACE. 

FIG. 10. - Si 2p AND 0 ls PEAK HEIGHT FROM Si0 2 PRESENT. 
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